In a double-blind crossover design, either 30 mg of the noncompetitive NMDA-receptor antagonist memantine or a placebo was administered to 40 healthy male volunteers. Twenty line drawings of objects and 20 photographs of unfamiliar faces were presented on a computer screen. After a retention interval of 80 min, the participants' task was to select the original objects and faces from a set of 80 items. Results were analyzed applying a signal-detection-theory approach. Recognition performance for objects was significantly impaired under memantine as compared to placebo, whereas performance on face recognition was not affected. Findings support the notion of differential effects of NMDA-receptor antagonists on memory functions in humans.
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Glutamate is one of the main excitatory neurotransmitters in the mammalian brain. The wide distribution of glutamate within the central nervous system suggests that it mediates normal neural transmission (Collingridge and Singer 1990; Scatton 1993 ) by activating three major classes of subreceptors: NMDA (N-methyl-D-aspartate), AMPA (␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid), and kainate (cf. Danysz and Archer 1994) . Abnormal excitatory glutamatergic neurotransmission has been suggested as a pathological mechanism in various disorders such as schizophrenia (Tamminga 1998; Duncan et al. 1999) , hypoxic-ischemic brain damage (Choi and Rothman 1990; Scatton 1993) , and Alzheimer's dementia (Greenamyre et al. 1988; Foster 1990; Lees 1993) . Cognitive symptoms associated with ischemia or Alzheimer's disease are considered a consequence of overactivation of NMDA receptors by endogenous glutamate, which causes neurodegeneration caused by excitotoxicity (Meldrum and Garthwaite 1990; Thomas 1995) . Several clinical studies showed that NMDA-receptor antagonists improve cognitive disturbances by inhibiting pathological overactivation of NMDA receptors (Ditzler 1991; Pantev et al. 1993; Müller et al. 1995; Winblad and Poritis 1999) .
Under physiological conditions, however, inhibition of NMDA receptors suppresses long-term potentiation (LTP) and thus impairs learning and memory (Izquierdo 1994) . Although a large number of animal studies support the notion that NMDA antagonists negatively affect learning and memory processes (for reviews, see Danysz and Archer 1994; Aigner 1995) , investigations on memory functions in humans after NMDA-receptor blockade are exceedingly scant. The very few existing studies provide ambiguous results. As can be seen from Table 1 , the effects of NMDA antagonists on immediate and delayed verbal and nonverbal memory performance in humans remain unclear, whereas spatial memory was consistently shown to be unaffected by NMDA-antagonistic pharmacological treatment. This pattern of results suggests differential effects of NMDA-receptor antagonists on memory functions in humans.
To date, no human data on the functional relationship between NMDA-receptor activity and other declarative memory functions, such as long-term memory for objects and faces, appear to exist. This is important to note because, most interestingly, recent animal studies suggest that performance on long-term object recognition is positively related to NMDA-receptor activity (Puma et al. 1998; Winnicka and Wisniewski 1999) . Therefore, this study was designed to further elucidate the effects of pharmacologically induced NMDA-receptor activity on additional types of declarative memory in humans. For this purpose, the effects of the noncompetitive NMDA-receptor antagonist memantine (1-amino-3,5-dimethyladamantan-hydrochlorid) on longterm memory for objects and faces were investigated in 40 healthy male subjects. under placebo. There were no effects of order for both recognition tasks; mean performance on face recognition as indicated by the sensitivity measure dЈ was 1.68 (±0.24) and 1.85 (±0.24; [t(38) = 0.62, nonsignificant] , and mean performance on object recognition was 4.09 (±0.28) and 4.08 (±0.24; [t(38) = 0.99, nonsignificant] for subjects who received placebo first and second, respectively. Furthermore, because the same set of stimuli was used in each experimental session, two-way analyses of variance with drugs (placebo and memantine) as two levels of a repeated-measurement factor and order of drug administration (placebo first and memantine first) as a grouping variable were computed to test for a significant interaction between drug status and order of drug administration on recognition memory. Neither for performance on face recognition (F(1,38) = 0.91, nonsignificant) nor for performance on object recognition (F(1,38) = 0.06, nonsignificant) could a statistically significant interaction be shown. This finding suggests that the factorial combinations of order of pharmacological treatment and drug status applied in this study did not exert any systematic effect on recognition memory, although the same set of stimuli was presented in each experimental session.
Two-way analysis of variance for repeated measurements with Drug and Memory (objects and faces) as two grouping factors revealed that recognition performance (dЈ) was markedly impaired by memantine (F(1,39) = 5.35, P < 0.05). There also was a significant main effect of Memory (F(1,39) = 119.97, P < 0.001), indicating a much higher sensitivity for objects than for faces. Furthermore, a statistically significant interaction between Drug and Memory could also be shown (F(1,39) = 6.97, P < 0.05). Recognition performance for objects was significantly impaired under memantine as compared to placebo (P < 001), whereas performance on face recognition was not affected by pharmacologically induced changes in glutamatergic neurotransmission (see Fig. 1 ).
Although there was neither a significant main effect of Drug (F(1,39) = 0.70, nonsignificant) nor a significant interaction between Drug and Memory (F(1,39) = 0.64, nonsignificant) with regard to response bias (c), a statistically significant main effect of Memory (F(1,39) = 4.37, P < 0.05] could be established. The tendency to respond "new" was much more pronounced for the object than for the face recognition task, as indicated by c values of 0.44 and 0.26, respectively, but was unaffected by pharmacological treatment.
DISCUSSION
The major finding of this study was that NMDA-antagonistic pharmacological treatment produced a substantial performance decrement in delayed object recognition. This result indicates that the functional relationship between NMDA-receptor activity and performance on long-term object recognition, as observed in animal studies (Puma et al. 1998; Winnicka and Wisniewski 1999) , also holds for human subjects. Unlike delayed recognition of objects, long-term memory for faces was not affected by memantine. In addition, recognition performance, as indicated by the sensitivity measure dЈ, was reliably more than twice as high for object than for face recognition regardless of the pharmacological treatment applied. This finding is consistent with previous studies Farah et al. 1998; Rammsayer et al. 2000) also reporting better recognition performance with objects than with faces. As a possible explanation to account for this finding, Farah et al. (1998) put forward the Figure 1 Performance on object and face recognition as indicated by the sensitivity measure dЈ under placebo and memantine. Note that better recognition performance is indicated by higher dЈ values. (**) significantly different from performance on object recognition under placebo (P < 0.01). (***) significantly different from respective performance on object recognition (P < 0.001). 
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notion that faces are recognized more holistically, that is, using less part decomposition than other types of objects. It should be noted, however, that there were some differences between both memory tasks that could be responsible for the differential effects of memantine. First, the objects were line drawings and thus may be easier to discriminate between and recognize than pictures of faces. This could imply that the differential effects of memantine were caused by perceptual differences rather than different brain areas involved in long-term memory for objects and faces. There is some evidence, however, that perceptual differences are unlikely to account for the results of this study. In several studies, NMDA-receptor antagonists were shown to produce only small effects (Krystal et al. 1994 (Krystal et al. , 1998 Schulz et al. 1996) or no changes at all (LaPorte et al. 1996; Rockstroh et al. 1996; Newcomer et al. 1999 ) on various attentional, perceptual, or vigilance tasks. Similarly, in this study, there were no effects of memantine on a series of perceptual and psychomotor tasks (temporal discrimination, reaction time, critical flicker fusion frequency, and signal detection) completed by the subjects during the retention interval. Taken together, the available data do not support the notion that attentional factors or perceptual differences between processing of faces and objects were responsible for the differential effects of memantine.
Second, one may argue that the objects were all recognizable, nameable objects, whereas the faces were unfamiliar, unnameable faces. Furthermore, during the initial presentation phase subjects were instructed to name each object but only tell whether it was a male or female face (see Materials and Methods). Thus, the object recognition task could have become more of a verbal word-learning task, whereas verbal encoding was not possible for the faces. From this perspective, the significant memantine-induced performance decrement in delayed object recognition corresponds to the reports of substantial decreases in delayed verbal memory produced by NMDA-receptor antagonists (Krystal et al. 1994 (Krystal et al. , 1998 Newcomer et al. 1999 ).
However, the lack of an effect of memantine on delayed face recognition observed in this study, in combination with the consistent finding that spatial memory is not affected by NMDA-receptor antagonists (Rockstroh et al. 1996; Schugens et al. 1997; Newcomer et al. 1999 ), points to the conclusion that some declarative memory functions, such as spatial memory and memory for faces, may be less susceptible to pharmacologically induced changes in NMDAreceptor activity than long-term verbal memory or object recognition.
Finally, the outcome of this study provides pharmacological evidence for the notion of different brain mechanisms underlying object and face recognition in humans. The brain mechanisms involved in facial processing were shown to be less susceptible to pharmacologically induced changes in NMDA-receptor activity than the ones associated with cognitive processing of objects. Whereas performance on face recognition was virtually unaffected by NMDA-receptor antagonistic treatment, performance on object recognition was markedly impaired.
Although recognition of objects and faces represents genuine declarative-memory functions (Zola-Morgan and Squire 1990; Squire et al. 1993) , several lines of research suggest different brain systems underlying object and face recognition. Within the conceptual framework of declarative memory, the notion that face recognition involves different brain systems than do other types of object recognition is supported by neuropsychological studies demonstrating that face recognition can be selectively impaired (Levine 1989; Sergent and Signoret 1992; McNeil and Warrington 1993; Farah 1996; Henke et al. 1998) . Similarly, EEG and PET studies also indicate a substantial degree of anatomic and functional specificity in face recognition (Seeck and Grüsser 1992; Haxby et al. 1993; Allison et al. 1999) , and electrophysiological studies in primates revealed neuronal assemblies that respond selectively to faces (Desimone 1991; Mesulam 1998; O'Scalaidhe et al. 1999) . Neurophysiological studies in humans suggest that discrete regions of inferior extrastriate, midtemporal, and temporopolar cortex are specifically involved in facial recognition (Allison et al. 1999; Andreasen et al. 1996; Mesulam 1998) . However, object recognition appears to depend on the perirhinal and postrhinal cortices (Meunier et al. 1993; Ennaceur et al. 1996; Ennaceur and Aggleton 1997; Buckley and Gaffan 1998a,b; Murray and Mishkin 1998; Parker and Gaffan 1998; Bussey et al. 1999) . Thus, the observed detrimental effect of NMDA-antagonistic pharmacological treatment on long-term object recognition may be located in those brain systems specifically involved in object recognition.
An alternative explanation, however, is based on recent neuropsychological studies in nonhuman primates (Buckley and Gaffan 1997, 1998a,c; Murray et al. 2000) . These studies suggest that perceptual difficulty of an iden- 
www.learnmem.org tification task can change the reliance of the task on perirhinal cortex. Therefore, one may assume that in this experiment the differential pharmacological effects of memantine could be caused by different ways of encoding visual stimuli of differing perceptual difficulty rather than different brain areas recognizing faces and objects. This interpretation may fit the observation that in all cases face recognition was poorer than object recognition. Although highly speculative at this point, one may also consider the hypothesis that such perceptual difficulty may effectively modulate the extent to which a given task is dependent on NMDAreceptor activity. Because NMDA receptors exist throughout the entire cortical mantle, it remains an open question why different regions encoding objects and faces appeared to respond in different ways to NMDA-receptor antagonistic treatment. Differences in compensatory mechanisms, such as transneuronal feedback, may represent a possible explanation for the differential susceptibility of different brain regions (cf. Rammsayer 1989) . A low level of transneuronal feedback may cause those functions mediated by a specific region to be particularly susceptible to any pharmacologically induced changes in neuronal activity. For example, dopaminergic mechanisms may modulate glutamatergic activity in the cortex by means of interaction at the level of the basal forebrain (Pralong and Jones 1993; Freed 1994; Svensson et al. 1994) . Therefore, further studies applying a single behavior-multiple brain systems strategy (Solomon 1986 ) appear to be highly desirable to discover how different neurotransmitter systems in the brain contribute to specific memory functions.
MATERIALS AND METHODS
In a double-blind crossover design, either 30 mg of the noncompetitive NMDA-receptor antagonist memantine (1-amino-3,5-dimethyladamantan-hydrochlorid) or a placebo were applied in a single oral dose in balanced order to 40 healthy male volunteers ranging in age from 20 to 35 yr (mean = 26.0 yr). The subjects were tested at 1-wk intervals, 5 h after drug intake. The study was approved by the research committee of the German Psychological Association.
Object stimuli were 40 unambiguous two-dimensional blackand-white line drawings of simple common objects. Face stimuli were black-and-white photographs of 40 unfamiliar faces of 20 males and 20 females ranging from 20 to 65 yr of age. All faces were portrayed in three-quarter view and presented at a size of ∼12 × 8.5 cm. All stimuli were presented at a size of ∼12 × 8.5 cm on a computer monitor. Half of the objects and half of the faces were randomly selected and displayed as target stimuli, and the remainder were used as distractors. Objects and faces were randomly presented, one at a time, on the monitor screen for 4 sec each, with an interstimulus interval (ISI) of 1 sec.
Subjects were instructed that each target object would be shown only once for a few seconds and that they should try to remember as many of the items as possible for a later recognition test. Furthermore, to control for attentional and/or perceptual difficulties, subjects were required to name each object and, in the case of faces, to tell whether it is a male or female face that is presented on the screen.
After a retention interval of 80 min during which the subjects completed several tasks (temporal discrimination, reaction time, CFF, and a signal-detection task) not related to the object and face recognition, instructions for the recognition phase were given. The subjects' task was to select the original 20 target objects and target faces from a set of 40 objects and 40 faces by indicating those items that had been previously shown by the verbal response "old" and those items that had not been previously shown (i.e., distractor items) by the verbal response "new." The target and distractor items were presented in a random sequence for a duration of 4 sec each with an ISI of 1 sec. Subjects' verbal responses were recorded by the experimenter.
As an indicator of recognition performance, frequency of correct recognitions and frequency of false alarms, that is, responding "old" to a (new) distractor item, were computed separately for objects and faces. Subsequently, these data were analyzed applying a signal-detection-theory (SDT) approach (Swets 1964; Green and Birdsall 1978) . The advantage of this approach is that SDT supplies a pure index of recognition performance ("sensitivity") that is independent of whatever criterion is adopted by the individual for making a particular decision ("response bias"). As a measure of recognition performance, the sensitivity measure dЈ and, as a measure of response bias, the criterion c were computed according to the procedure described by Macmillan and Creelman (1991) . With these measures, better recognition performance is indicated by increasing dЈ values, whereas a positive response bias represents a tendency to say "new."
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